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ABSTRACT

Laboratory wave tank tests were conducted to measure and record the hori-
zontal and vertical wave forces on a prototype split pipe with nearly full
scale design wave conditions. The ranges of the Reynolds number and the

Keulegan-Carpenter number covered are 104 to 2x105

and 0 to 40, respectively.
The tests are done for three water depths, (4 feet, 6 feet and 8 feet), three
wave periods (2 sec, 4 sec and 6 sec), four wave heights and four orientations
(0°, 45°, 90° and -45°), of the bolting flanges of the split pipe. The lift,
drag, inertia and maximum horizontal force coefficients were evaluated based
on the Airy wave theory and the Morrison equations and other wave force equa-
tions. The wave force coefficients are dependent on the Reynolds number,
Keulegan-Carpenter number and the flange angle.

The single most important design parameter is determined to be the flange

angle. When the flanges are parallel to the bottom, both horizontal and vertical

forces are minimum, but the forces are increased by up to seven times when the

flanges have large angles to the flow direction. Thus, the disorientation of the

flanges by the waves may be a major contributor to split pipe failures.
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1.0 INTRODUCTION

1.1 Background Information and Probiem Statement

The primary means used by the Navy for protecting and immobilizing submarine
cables is split pipe. This pipe is shown in Figure 1 which illustrates the bolt-
ing together of the upper and lower half sections and the mating of the assembled
full pipe sections. The approximate inside and ouside diameters of the main por-

§ tion of the pipe are 3.5 in. (ID) and 5.0 in. (0OD), which does not include the
bell ends or bolting flanges.

Plain pipelines, which do not have the bell ends and flanged sides that char-
acterize split pipe, are used extensively in engineered construction in the ocean
by civilian and military organizations for o0il and gas transport, sewage disposal
and other common applications. Submarine cables for power and signal transmission
are also widely used in industry and the military, but these are often protected
by burial rather than split pipe.

Submarine pipelines must be designed to resist the hydrodynamic forces
caused by waves which depend on the water particle accelerations and velocities.
The hydrodynamic forces on pipelines are usually estimated by the Morrison equa-
tions or similar empirical equations with empirical coefficients of inertia, drag
and 1ift. The force coefficients must be derived from laboratory or field experi-
ments on pipe sections under the influence of waves or similar flow conditions.

§ Virtually all of the past experiments (Ref. 1, 2, 4, 5, 6, 7, 8) of this type have

involved plain circular cylinder shaped pipe but never split pipe. As a consequence,

the coefficients derived from these tests are applicable to plain pipelines but not

to split pipe because the flow around shapes other than plain cylinders is signifi-

cantly different from that around plain pipe and therefore the forces are different.
Thus, the force coefficients that are presently available for the design of "pipe-

lines" cannot be applied to the design of lines of split pipe.
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Furthermore, the bolting flanges of the split pipe will act like airfoils.
The 1ift and drag forces vn an airfoil are dramatically changed by the angle of
attack. Although the flanges of the split pipe are usually laid horizontally at
the installation, the flange angles may change due to the wave action. The
increased wave forces, due to the re-orientation of the flange angle, may cause
the failure of split pipelines. The quantitative information on the effect of the

flange angle on the hydrodynamic forces on the split pipe has not been available.

1.2 Objectives

The purpose of this work is to measure and record horizontal and vertical
wave forces on split pipe in a wave tank and reduce these data to give force
coefficients of inertia, drag and 1ift for split pipe. Special attention is

given to the effect of the flange orientation on the force coefficients.

1.3 Scope

At the Wave Research Facility at Oregon State University, wave tank tests
are performed on the test section consisting of a three-section length of split
pipe under various conditions of water depth, wave height and period, and inclin-
ation of the plane of the pipe flanges relative to the bottom of the tank (flange
angle). The horizontal and vertical forces imposed by the waves on the test pipe
section are measured and recorded along with the characteristics of the waves.
Force coefficients of drag, inertia and 1ift are derived and reported. This work
includes the design, fabrication and installation of the test equipment; the per-
formance of the tests; the reduction of the data; and a separate report which

includes the raw data.
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2.0 TEST SCHEDULE AND MODIFICATIONS

The schedule of wave tank tests and the actual work done during the three
weeks period of July 18 to August 5, 1977 are summarized in Table 1.

On July 21, 1977, during the installation of the test pipe force dynamo-
meter unit at the wave tank, one of the two force dynamometers was accidentally
bent slightly. This was immediately reported to CFL. Calibration of the two
force dynamometers was made to see their response characteristics. It was found

that both dynamometers gave excellent linear response in both horizontal and verti-

cal directions. Only the bent force dynamometer showed a slight response to torque.

(For a detailed discussion, read the calibration results in Section 6.3.) Since
no critical damage to the force dynamometer was found, the experiments proceeded
as scheduled.

The nine test combinations of the three water depths, h = 4', 6' and 8',
and the three flange angles ¢ = 0°, 45°, 90°, were originally scheduled. For each
combination, twelve waves with the three wave periods, T = 2 sec. 4 sec, 6 sec,
and the four wave heights were scheduled. For each combination of water depth and
wave period, the clean maximum wave height Hmax was determined by trial and error.
The values of Hmax are given in Table 3. Then the four wave heights were selected
by taking 100, 75, 50 and 25% of Hmax' A1l of the scheduled 11 test combinations
(h=4',6', 8 and ¢ = 0°, 45°, 90° and two duplications) were completed ahead
of schedule. Since some wave tank time was left, three more test combinations
(¢ = -45° for h = 4', 6', 8') were made. ¢ = -45° means that flange at the wave
board side is down at an angle of 45°. Thus, a total of 14 test combinations,
totaling 168 runs, were conducted.

Lt. Robert Steimer from CEL inspected the wave tank tests on August 2 and 3.
He observed test series No. 12, 13,14 (Run No. 133 to 168) and the calibration

of the force dynamometers after the tests.




3.0 DESCRIPTION OF TESTING APPARATUS

3.1 0SU Wave Research Facility

The 0SU Wave Research Facility is on an open site which is convenient
to many types of research and is shown in Figure 2: The major unit is a wave
and towing basin which is 104.27 m long (342'), 3.66 m wide (12') and generally
4.57 m deep (15'). Usually a 1 m (3:3') freeboard exists so that the water is
3.66 m (11.7') deep. The wave board is a flap-type board which is hinged at
the bottom in a section which has a total depth of 5.49 m (18'). The board is
activated by a 150 hp pump with a hydraulic servo mechanism which was designed
and installed by MTS Systems Corporation of Minneapolis. The facility is the
first to be built in the United States to have water on one side only of the
wave board, which reduces the required power to activate it.

The facility has the capability of producing solitary waves, periodic
waves and random waves which will model the ocean wave spectra. Breaking waves
in the deep water section of up to 1.52 m high (5') can be generated as well
as smaller waves. The wave frequencies range from about 0.25 cps to 1 cps.
Several pre-cast concrete panels are available which are 3.66 m square (12').
These are used to help modify the water depth and to construct the beach sec-

tion. Thus, various bottom configurations can be obtained.

3.2 False Floor and Beach Configurations

In order to maximize the wave induced bottom current, the false floor was
constructed by the pre-cast concrete panels which were securely bolted to the
wall 3.5 feet above the tank bottom and covering 120 feet length as shown in
Fig. 3. In the end 96 feet section, a beach with 1/12 slope was constructed.
The front end of the false floor and the tank floor were also connected by a

1/12 slope to form a smooth transition section. The gaps between the concrete




panels and walls were sealed with T-section and L-section steel members to
prevent flow leaks through the false floor as shown in Figure 4. The test
pipe was located 42 feet from the transition section and 78 feet from the
beach. The reflection from this beach configuration is known to be small and

less than about 5% for most wave periods.

3.3 Test Split Pipe

" The split pipe is shown in Figure 1 which illustrates the bolting
together of the upper and lower half sections and the mating of the assembled
full pipe sections. The approximate inside and outside diameters of the middle
portion of the pipe are 3.5 in. (ID) and 5.0 in. (OD), which does not include
the bell ends or bolting flanges.

In order to evaluate the wave force coefficients, the displaced volume
and the equivalent diameter of the split pipe are required. For this, the
displaced volume of the test split pipe was measured as follows:

Two halves of split pipe were bolted together and openings at the sides
and the ends were tightly shielded with masking tape. The displaced volume
was measured by submerging the pipe in a 13.5" (ID) x 40 inch container and
measuring the change in water surface elevations. Since the coqtainer was
small, the volume of the split pipe was measured in two steps: first, the
half including the outer bell end and then the half including the inner bell
end. The volumes of each half and the inner bell ends only are:

V] = the displaced volume the half including an outer bell
3

end = 474 in

= the displaced volume the half including a middle portion
= 832.0 in’

-«<
N
]

the displaced volume of an inner bell end only = 161.0 1n3.




As shown in Figure 5, the six halves of split pipe assembled together
as a three jointed unit were used as the test section.

Thus, the total displaced volume, ¥, of the test section is:

v
v

the displaced volume of test section = 3(V]+V2-V3) +V3

3113.0 inS.

]

The "equivalent" pipe diameter D was defined by

2
V=T

where 1 = the length of test section = 112 in. Thus, the value of D is given

as:

D = (a¥/x1)% = 5.95 in.

The values ¥ = 3113 in3 and D = 5.95 in. were used to calculate the force co-

efficients throughout this report.

3.4 Force Measurement Devices

The details of the test setup are illustrated in Figures 4 and 5. The
test section is the assembly of a support pipe, six halves of split pipe, two

force dynamometers, two shrouds and two support channels.

3.4.1 Support Pipe

The support pipe is a 3.5 in. (0D) standard steel pipe with 3/4 in. thick
flanges at both ends and is 114 in. long. The six halves of prototype split

pipe were clamped onto the support pipe to form a solid piece of test section.

Since the support pipe (tightly) fits in the split pipe, there was no chance of
slippage. The flange angle of split pipe was changed by unbolting, reassembling

and rebolting the split pipe in water without moving other units. The gap be-
tween the false bottom and the lowest points of split pipe was always 0.2 in.

e S A WS <819 505
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3.4.2 Force Dynamometers

Two identical force dynamometers were located at both ends of the test
split pipe. The close up view of a force dynamometer is shown in Figure 6.
They were made of 1 in. thick ALCOA 6061-T651 aluminum plate. The 6 in. long
sensing section is tapered to 0.6 in. square cross section. The strains in
this section were measured by foil type strain gages to measure the wave forces
in two directions. Four strain gages were used to form a bridge for
each direction by a dynamometer, thus total of eight strain gages per a dyna-
mometer. The force dynamometer has slotted holes at one end and a disk plate
“at the other end. The disk ends were connected firmly to the flanges of the
support pipe and the slotted ends were firmly bolted to the support channels
which were firmly mounted to the wave tank walls. Thus, the entire test split
pipe section 114 in. long was rigidly suspended from both sides of the wave
tank wall and nearly reached across the wave tank. In order to better ap-
proximate the two dimensional flow condition and to minimize the hydrodynamic
forces on the force dynamometers, the force dynariometers were covered with

shrouds made of 8 in. (0D) PVC pipe.

3.4.3 Strain Gage Signal Conditioners and Amplifier System

The strain gage outputs were amplified by a strain gage signal conditioner

and amplifier system, Model 2100, Vishay Intertechnology, Inc., MacVern, PA 19355.

3.5 MWave Height Transducers

The water surface fluctuation at the test pipe was measured by a Sonic

Profiler Model 86, Sonic Systems, Minneapolis, Minnesota.




3.6 Visicorder

The horizonal and vertical forces from both the East and the West force
dynamometers, together with the water surface fluctuation at the test pipe, were
simultaneously recorded by a 6-channel Visicorder Model 1508, Honeywell, Denver,

Colorado 80217.

3.7 Hot Film Anemometer

A hot film anemometer (Thermo Systems, Inc. system No. 1050-2C) was used
to measure the horizontal velocity at 7 feet upstream from the pipe and at the
elevation equal to the center line of the split pipe, i.e. 5 in. above the false
floor. The velocity measurements were conducted to evaluate the force coeffi-
cients by using the measured wave kinematics and to compare them with the pre-
sent results in the future (see Section 10.2). This data is not included in this
report since the velocity measurements were outside the contracted work and were

conducted at no expense to CEL. The data will be provided upon request.

3.8 Propeller Current Meter

A propeller current meter (Model 401 & 403, Novar Electronics, Gloucester,
England) was also used to measure the horizontal velocity for comparison with the
hot film anemometer. The propeller meter was mounted on the opposite side of

the tank wall to the hot film anemometer.

3.9 Magnetic Tape Analog Recorder

A l4-channel magnetic tape analog recorder (Bell Howell Model CPR4010) was
used to simultaneously record the horizontal force, the vertical force, the
water surface elevations at the split pipe and at the current meters, and the

horizontal current for possible future analysis.
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4.0 DESCRIPTION OF EXPERIMENTS

4.1 Calibration of Force Dynamometers

The length of test split pipe, 112 in., was marked by nine stations,
equally spaced, starting from the west end. At each station, the west and east
dynamometers were calibrated in water by incremental loading and unloading of
five lead bricks, each of which weighed 15 1bs., using very low friction ball
bearing pulleys and cables. The calibration was made for the four directions,
i.e. upward, downward, forward (North) (the direction of wave propagation) and
backward (South). At the center of the pipe (station No. 5), the calibration

was also made by using four 50 1b. lead bricks.

4.2 Torque Tests

Theoretically, an equally balanced four strain gage bridge should not

sense a torque. The torque test was made by applying two 50 ft-1b incremented

torque at the center of the pipe (station No. 5) using fixed bar and lead bricks.

4.3 Impulse Response Tests

In order to determine the natural frequencies of the test pipe-force dyna-
mometer system, the impulse response tests were made by recording the force
dynamometer signals during the free oscillation of the system induced by apply-
ing a certain load by hand at the center of the pipe and then suddenly releasing

it. The tests were done in both horizontal and vertical directions.

4.4 Changing of Flange Angle

The orientation of the split pipe flanges was changed in water by two
divers. A level bar and angle blocks were used to precisely set the flange
at desired angles. The underwater photo of this procedure is shown in

Figure 7.

1"

" e—




4.5 Testing

For each of 168 runs, the wave and wave force signals were recorded by
the visicorder. The wave, wave force and current signals were recorded by the
14-channel magnetic tape recorder. A1l recordings were made for the first 6 to
12 waves before the incident wave was contaminated by any possible reflected
waves from the beach. Between runs, at least a five minute wait was allowed
to make sure the water surface became calm before the next run. Example test

waves are shown in Figures 8 and 9.

4.6 Changing of Water Depth

The water depth was changed by either adding or pumping out the water from
the tank. To increase or decrease the water depth by one foot, it took about
one hour. The water temperature varied from 64°F to 70°F during the experiments.
The corresponding range of the kinematics viscosity v of the water is T.Osxlo's
to 1.15x1075. Since the variation is small, the average value of v 1.10x.07>,

was used to calculate the Reynolds number throughout this investigation.

12




5.0 ANALYSIS

5.1 Horizontal Forces

The Morrison coefficient of drag and inertia will be determined from
horizontal wave force data based on the Morrison equation and the Airy wave

theory. The Morrison equation for the split pipe may be written as

fy(e) = o¥ C; a(e) + %pD1 CDIu(e)I‘u(e) (1)

where fH(e) = instantaneous value of horizontal force on split pipe at phase 6

p = density of water
¥ = displaced volume of split pipes = 3113 in3.
Ci = inertia coefficient of split pipe

u(e) = instantaneous value of horizontal acceleration of water particle
at the center of split pipe

D = "equivalent" diameter of split pipe = 5.95 in.

1 = length of split pipe = 112 in.

O
1]

D drag coefficient

instantaneous value of horizontal particle velocity at the center
of split pipe.

=
—~
(o]
~
n

5.1.1 Drag Coefficient

The value of CD was evaluated at the wave crest and the wave trough from

Equation (1) and the Airy wave theory, i.e. at 6 = 0°, 180° where @ = 0.

i 0y,] 2
CD FH(O, 180 )/7 pD1 U
where
FH(o, 180°) = horizontal force at crest and trough

U = maximum horizontal velocity from Airy wave theory given as

13




nH cosh k s

U= Fsinkh (3)
where

H = wave height (measured)

T = wave period (measured)

k = 2n/L

L = wave length

s = distance of the pipe axis from tank bottom

h = water depth

5.1.2 Inertia Coefficient

The value of C; was evaluated at the wave zero-upcrossing from Equation

(1) and the Airy wave theory, at 6 = + 90°, where u(6) = 0;

Cy = Fy( 90°)/0vd (a)

where

FH(¢90°) = horizontal force at zero cross

0

U = maximum horizontal acceleration from the Airy wave theory
and given as

8 . 2n2H cosh k s (5)
T2 sirh k h

5.1.3 Maximum Force Coefficients

The maximum value of the wave forces are important in the design of pipe-
like structures. Sometimes the maximum horizontal force coefficient may be

most simply defined as

] .
Fumax = 7 ° Chmax 07 1IUIU (6)

where chax = maximum horizontal force coefficient

14




e

FHmax = maximum horizontal force.

5.2 Vertical Forces

The vertical water particle acceleration near the bottom is small. Thus,
the vertical force component due to the vertical acceleration will be negli-
gibly small compared to the vertical force component due to the horizontal
velocity. The horizontal velocity induces, depending on the stage of wake
formation, the downward force and the upward force. For the detailed discus-

sion about this mechanism, the readers are referred to Refs. 4, 5, 6, 7, 8.

5.2.1 Lift Coefficient

The 1ift coefficients CL will be evaluated for the maximum values of

upward and downward forces as follows:

-n
I

v max %'p ¢, ot yz (8)

where

FV max

maximum vertical forces.

Using the analog data recorded on photo-sensitive paper, for each and

every run, the values of CD’ CI, C and CL were determined together with

Hmax
the Reynolds number, Re = UD/v and the period parameter K = UT/D, where v =

kinematic viscosity of water and D = "equivalent" diameter of split pipe.

15
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6.0 CALIBRATION RESULTS

6.1 Conversion Factors

The sample plots of the force dynamometers output reading in micro-strain (ue)
vs. the applied load in 1bs. are shown in Figures 10 and 11. Both the west and
east dynamometers show excellent linear responses. The values of the slopes,
drR/dF, of the straight lines for all loading stations were determined. The dis~
tributions of dR/dF along the length of the test split pipe are plotted in
Figures 12 to 15. These plots are similar to influence diagrams. The plots
indicate that the response of the force dynamometers are practically equal for
the upward and downward as well as for the forward (north) and the backward
(south).

Assuming that the wave forces are uniformly distributed along the length
of the split pipe, the conversion factors between the forces and the readings
can be determined by calculating the areas under the influence curves.

The values of the conversion factor F/R, the ratio of the reading in
micro-strain (ue) to the total force on the test pipe in 1bs, are tabulated
in Table 4. Since the difference between the calibrations before and after
the tests were small, the averages of the two values were used in the following
wave force analysis.

The calibration signals equivalent to 80.7 ue are always shown on the
wave force records. Therefore, the signals are equal to:

West Dynamometer

calibration signal = 39.2 1bs for horizontal forces

calibration signal = 34.4 1bs for vertical forces

East Dynamometer

calibration signal = 37.2 1bs for horizontal forces

38.2 1bs for vertical forces.

calibration signal
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6.2 Natural Frequencies of Pipe Vibrations

The recording of the impulse response test is shown in Figure 16. Since
the test split pipe portion was very rigid compared to the flexible dynamometers
practically only the first mode of vibration exists. Thus the higher modes are
negligible. It is shown that the first mode natural frequencies of the system
are about 7.8 Hz in the horizontal direction and about 7.9 Hz in the vertical
direction. They are one order of magnitude higher than wave frequencies. Thus

the dynamic exitation of the pipe by wave should be small.

6.3 Torgue Test Results

The recording of the torque test is given in Figure 17. The undamaged
west dynamometer showed a negligible response to torque while the east dyna-
mometer showed a noticeable response to torque. Thus, the data from the west

dynamometer may be more reliable than the data from the east dynamometer.

18




7.0 WAVE FORCE RESULTS

An example visicorder output for wave force tests is given in Fig. 18.
Generally, excellent data, similar to that shown in Fig. 18 were obtained
for all 168 runs. The visicorder output of 168 runs and all the calibration
data have been sent to CEL as a part of the August and September progress reports.
They are not repeated in this report. The numerical values of various force
coefficients, together with other wave parameters, are tabulated in Tables 5
to 18 as the computer printout for all 14 combinations of the water depths
and flange angles.

The definition of the parameters are:

(The forces are in terms of total force on the entire test section
112 in. in 1bs.)

RUN = Run number .
H = Wave height in feet
T = Wave period in sec.
FV+ = Maximum upward force
Fv- = Maximum downward force
FHMAX = Maximum horizontal force in the direction of wave propagation
FHMIN = Maximum horizontal force in the opposite direction of wave
propagation
FHC = Horizontal force at crest
+ FHT = Horizontal force at trough
FH+ = Horizontal force at zero-up-cross
FH- = Horizontal force at zero-down-cross
CL+ = Upward T1ift coefficient evaluated from. FV+
CL- = Downward 1ift coefficient from FV-
CDMAX=CHMAX = Maximum horizontal force coefficient from FHMAX ;
COMIN=CHMIN = Maximum horizontal force coefficient from FHMIN | 4
CDC = Drag coefficient from FHC ; |
CDT = Drag coefficient from FHT |
CI+ = Inertia coefficient from FH+ |
Cl- = Inertia coefficient from FH- |
RE**5 = Reynolds number in 10°
K = Keulegan-Carpenter number -
VEL = Maximum horizontal velocity in ft/sec from Airy theory
ACC = Maximum horizontal acceleration in ft/sec? from Airy theory B
WL = Wave length in ft,

19
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7.1 Comparison Between the West and East Dynamometers

Example comparisons between the data from the west dynamometer and thé
data from the east dynamometer are shown in Fig. 19 for CDC vs. Re at ¢ = 0°
and in Fig. 20 for CL + vs. Re at ¢ = 0°. For the cases shown, the agreements
between the two sets of data are good. However, in order to avoid any possible con-
tamination of the data due to the torque, only the west dynamometer data are

used in the following analysis.

7.2 Comparison Between the Duplicated Tests

An example comparison between the original test series No. 9 (¢ = 0°,
h = 8 ft.) and the repeated test series No. 11 is shown in Fig. 21 for
CHMAX vs. K. The similar comparison between the series No. 4 and the series
No. 7 is given in Fig. 22 for CL+ vs. K. For both cases, generally excellent

agreements are shown. This is an indication that the data gathered are reliable.

7.3 Drag Coefficient

The plots of CDC vs. K with the R> and the water depth, h, as parameters are
given in Figs. 23 through 26 for ¢ = 0°, 45°, 90° and -45°, respectively. The
similar plots of CDC vs. Re are given in Figs. 27 through 30.

For given values of ¢, Re and K, the values of CDC appear to be independent

of the water depth, h. This is true for all other force coefficients. Ignor-

ing the values of Re, the entire data of CDC are plotted versus K with ¢ as a
parameter in Fig. 31. The curves in the figure show the approximate envelopes
of the data for each ¢ values. The envelope values of CDC decrease slightly

as K increases but are practically constant for larger values of K, say K >20.
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The flange angle ¢ dramatically influences the value of CDC. The envelope
values of CDC for K >20 are 1.0, 3.0 and 5.0 for ¢ = 0°, +45° and 90°,
respectively.

The CDC data with K >20 are plotted versus Re with ¢ as a parameter in
Fig. 32. The solid line in the figure indicates the CDC data for a smooth
circular cylinder near a plane boundary obtained from the wave force tests
(Re<105) and the forced cylinder oscillation tests (Re >105) given in Ref. 5.
The smooth cylinder value of CDC decreases gradually from 3.0 at Re = 104 to
0.8 at Re = 3x105 and then increases gradually to 1.1 at 106. For the range
of Re covered, the split pipe data show the similar tehdency as the smooth
pipe. When the flanges of the split pipe are parallel to the flow (¢ = 0°),
the actual blockage area of split pipe is smaller than that of a circular
cylinder with the same volume. As the flange angle ¢ to the flow increases,
the blockage area increases and becomes larger than that of the equivalent

circular cylinder. The drag force increases as the blockage area increases.

This tendency is clearly indicated by the data.

7.4 Inertia Coefficient

The plots of CI+ vs. K and CI+ vs, Re for the four flange angles are

given in Figs. 33 to 40. For ¢ = 0°, +45°, the values of CI+ are nearly

independent of * and Re. For ¢ = 90°, CI+ slightly increases as K and Re are
increased. A1l of the CI+ data are plotted versus K in Fig. 41. The curves
in the figure are the envelopes of the data. The value of CI+ increases
significantly as the flange angle increases. This is also a blockage effect

of the flanges.
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The data of CI+ with K >20 are plotted versus Re in Fig. 42 and compared
with the data for a smooth cylinder in Ref. 5. The comparison indicates that
the split pipe with ¢ = 0° has about the same or slightly smaller values of
CI+ as a smooth pipe, and that the CI+ value of the split pipe with ¢ = +45°
and 90° are larger than the smooth pipe values

Virtually no difference was found between CI+ and CI- values as shown

in Tables 5 to 18.

7.5 Maximum Horizontal Force Coefficient

The complete plots of CHMAX vs. K and CHMAX vs. Re are given in Figs 43
to 50.

Ignoring the values of Re, all the CHMAX data are plotted versus K in
Fig. 51. 1In the figure, the solid lines indicate the envelopes of the data
for different ¢ values. The figure clearly shows that the maximum horizontal
force on the split pipe drastically increases as the flange angle increases.
The maximum horizontal forces for ¢ = 90° and ¢ = +45° are respectively about
three times and two times larger than that for ¢ = 0°. This is a very important |

factor to be aware of for design of split pipe.

7.6 Lift Coefficients

The upward and downward 1ift coefficients CL+ and CL- are plotted vs. K
and Re for each of the four flange angles in Figs. 52 to 67.

Generally, the upward 1ift coefficient CL+ increases from zero to the
maximum and then gradually decreases as K is increased. However, the down-
ward 1ift coefficient CL- monotonously decreases as K is increased. This is

because the wake formation is small and the flow is more of a potential flow
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situation for a small value of K. The flow through the small clearance
between the pipe and the floor induces a large downward 1ift force as
theoretically shown in Ref. 9. For a large value of K, the nonsymmetric shape
of the wake creates a large uplift as clearly pointed out in Ref. 4, 5 and 7.

For the case of ¢ = 0, vertical vibrations of the split pipe were often
observed when the waves became large or large values of Re and K. A few points
with extraordinarily large values of CL+ in Figs. 52, 56, and 70 are due to
vibration and should be ignored.

In Fig. 68, the values of CL+ for all four flange angles are plotted vs.
K. The solid lines in the figure are the envelopes of the data. The uplift
force is greatly influenced by the flange angle. The force increases accord-
ingly in the order of ¢ = 0°, 90°, -45° and 45°. The uplift force on the
pipe at ¢ = 45° will be more than ten times as large as that at ¢ = 0°. This
is an important design factor to take into consideration.

The similar plots of CL- are given in Fig. 69. The downward 1ift force
increases in the order of ¢ = 90°, 0°, 45° and -45°. The downward 1ift forces
have about the same magnitudes as the uplift forces. The lift force has at
least twice the wave frequency. This may also be an important design factor
to consider.

The 1ift force data for K >20 are compared with the data for a smooth
circular cylinder in Figs. 70 and 71. Figure 70 indicates that the uplift
force on the split pipe at ¢ = 90° is about as large as that on the equivalent
circular pipe. The split pipe at ¢ = 0° has a slightly smaller value of CL+
than an equivalent circular pipe. The uplift coefficient for the split pipe
at ¢ = 45° is about four times larger than that of a smooth pipe.
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7.7 Effect of Flange Angle on Force Coefficients

In order to summarize the effect of the flange angle on the wave force
coefficients of the split pipe, the envelope values of various force coef-
ficients at K = 25 are plotted versus the flange angle ¢ in Fig. 72.

As can be seen, all of the wave forces are very strongly affected by the
flange angle. A1l of the wave forces are minimum when the flange is parallel
to the floor, ¢ = 0. When the flange is perpendicular to the floor, ¢ = 90°,
the horizontal forces are maximum and more than five times as large as the
forces for ¢ = 0°; but the vertical forces are minimum. The vertical forces
are maximum and as much as five times the vertical forces for ¢ = 0° when the

flange angle is +45° to the floor.
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8.0 ON THE APPLICATION OF THE PRESENT DATA

As demonstrated in Fig. 72, the single most important factor for the

design of the split pipe is the flange angle. A slight misalignment of the
flange from the horizontal position can increase the horizontal and vertical
wave forces several times. Thus, very careful assessment must be made as to
the range of the flange angle variation at the installation and the possible
movements after the installation is in the field.

Once the design range of the flange angle is determined, the design wave
forces may be determined as follows. The ranges of the Reynolds number, Re,
and the Keulegan-Carpen:er number, K, covered by the present tests are 104<Re
<2x10S and 0 < K < 40. Thus, if the design situations are within the range,
the wave force coefficients determined from the tests can be directly used for
design purposes. That is, if only the maximum horizontal and vertical forces

are required for the design, they can be determined from the values of CHMAX,

CL+ in Figs. 45 to 51 and 52 to 59 together with Eqs. 6 and 8. If the wave

forces are required as functions of time, then the forces may be given by
the Morrison equation, Eq. 1, and the drag and inertia coefficients deter-
mined from Figs. 23 to 32 and 33 to 42.

In most design wave situations, the Reynolds number Re becomes much

larger. According to Ref. 5, the drag coefficient on a smooth pipe decreases % H
from the subcritical value to a minimum value of 0.8 at about Re = 3x105 and then !

seems to approach to a plateau value of 1.1 as Re is further increased as

shown in Fig. 31. The split pipe data in Fig. 31 show the similar tendency
for the Reynolds number covered. Thus, it may be reasonable to assume that
the split pipe drag coefficients will also approach plateau values in the

high Reynolds number range. Therefore, the drag coefficient given in Fig. 32

25




may be used for higher Reynolds number design situations. The same argument
is true for the maximum force coefficients and the 1ift coefficient. Since
the inertia forces are less important in the high Reynolds number design

situations, the values given in Fig. 42 may be used.
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9.0 SUMMARY AND CONCLUSIONS

The single most important design parameter for the wave force design
of the split pipe is the flange angle ¢, the orientation of the split pipe
flanges to the flow direction. Both the horizontal force and the vertical
force are minimum when the flanges are parallel to the bottom. The horizon-
tal force increases 3 to 6 times as the flange ang]é ¢ increases from 0 to
90°. The vertical force increases up to 10 times as the flange angle varies
from 0 to 45°. Thus, even a small misalignment of the flanges from the
horizontal position can increase the wave forces several times and cause a
pipe failure.

The drag, inertia and 1ift coefficients of the split pipe, obtained
from the present tests, are correlated with the data of a smooth circular
cylinder in Ref. 5. The trend of the data and the relative magnitudes of
the force coefficients of the split pipe are found to be reasonable. This
indicates the credibility of the data obtained.

The design criteria for the split pipe have been established which may

be used even for the high Reynolds number design wave situations.

27
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10.0 SUGGESTED FUTURE WORK

This work focused on determining design coefficients for split pipe
for the specialized case of wave forces on the pipe with the wave crests
parallel to the pipeline. The force coefficients were determined by assum-
ing Airy wave theory and utilizing periodic waves for a variety of water
depths. Actual design and construction conditions can be considerably
different from these special cases. Therefore, in order to significantly
add to design information, particularly the determining of hydrodynamic
forces on split pipe under actual environmental conditions, the following

suggestions are made for future work.

10.1 Predicted Water Velocities vs. Theory

The velocities of the horizontal motion of the water at the level of the

pipe were measured during the work described herein and it is important that

a comparison be made between the water velocities measured and those predicted

by the Airy wave theory. During the testing, these data were recorded on
16-channel magnetic analog tape. This can be reproduced onto a visicorder
paper trace recording or it can be digitized and processed digitally. Thus,
the water motion at the pipe level experienced in the Wave Research Facility
can be compared with predicted water motions in the ocean and an estimate can
be made as to the validity of the Airy theory used and the resulting predic-

tions of wave forces on split pipe.

10;2 Mean Square Error Method for Determining Coefficients

In another research project at OSU, the comparison of using the maximum

value method for determining drag and added mass coefficients vs. using the
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minimum mean square error method has been made at QSU. It was

found that it is possible for the coefficients to be somewhat higher for

the minimum mean square error method of evaluation rather than from the
maximum value method. However, it is anticipated that less than a 10 to 20%
difference will occur. This should be evaluated in order to determine if

any change could be significant for design for split pipe in waves as

utilized by the Navy. The computer program for determining the wave force
coefficients by the least square method is available at Oregon State University
but it will require some revisions for this work. This can be done with the

data from the tests that are described in this report.

10.3 Skewed Waves

In nature the waves approach the pipelines in directions which are
seldom such that the wave crests are parallel to the pipe alignment. More
likely the waves will be oriented with the wave crest perpendicular to the
pipe alignment or at some other angle of skewness. The effect of the skew-
ness angle on such 1ift and drag coefficients should be investigated as a
fairly high priority activity. Such tests are particularly difficult to
perform and would probably have to be accomplished with Jong sections of pipe
mounted differently than for this report and perhaps in a shoaling condition
rather than for a horizontal bottom. Careful end conditions must be provided
so that the leading end does not unnecessarily influence the data obtained.
It is possible for a steady state uplift to occur from waves when the wave

crests are perpendicular to the pipe center line.
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10.4 Combined Effect of Current and Waves

It is particularly difficult to model current and waves superimposed
in a laboratory. However, such a condition is common in nature. One pos-
sibility for investigating at least some aspects of this phenomenon and how
it affects hydrodynamic loading is to tow a pipe section near the bottom
into the waves and in the same direction as the waves to get an approximate
idea of these combined forces. Powerful towing equipment does exist at OSU
for towing such a pipe specimen. Thus, the combined effects of current and
waves can be investigated at least approximately by towing the split pipe

sections spanning the 12 foot width of the wave tank with waves.

10.5 Alternative Split Pipe With No Flanges

When the flanges of the split pipe are oriented at some angle to the
incident flow, the wave forces can be increased up to six times, as found
in this report. This may cause failures of pipe lines composed of split
pipe. In order to eliminate this undesirable affect of split pipe flanges,
a new design is suggested -- a split pipe without flanges. Given that the
split pipe was purely cylindrical sections, much data already exist from
various researchers as to the forces from waves and current. However, it
is unlikely a new design will result in a purely cylindrical shape. There-
fore, the shape will have some irregularities in order to accommodate a bolt-
ing arrangement. Any irregularity from the cylindrical shape will lekely in-
fluence the Tift and drag coefficients for design purposes. Therefore, it
would be very desirable to test such designs in the Wave Research Facility
to obtain comparisons with the work accomplished in this report. Given that

additional testing to determine the effects of skewness and the other items
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which appear in this section on the standard split pipe with flanges, then
it is likely that additional testing for other shapes will not need to be
} so comprehensive. Fewer tests may be needed in order to determine compari-

sons between other shapes and the split pipe flange sections as used herein.

10.6 Random Waves

The Wave Research Facility at OSU has a capability to produce wave
spectra that closely approximate wave spectra in the ocean at a scale ratio
of 1:10 or better. It would be useful to the Navy to investigate the
influence on the hydrodynamic coefficients on split pipe due to irregular

; waves vs. periodic waves. This work can be done for various water depths as

in this report.
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Table 1 - TESTING SCHEDULE AND MODIFICATIONS

Day # Date Work (Scheduled) Work (Done)
1 Mon., July 18, 1977 Floor construction Floor construction
2 19 Test pipe installation | Floor construction
3 20 Test pipe installation | Test pipe installation
4 21 Calibration in air Test pipe installation
(east force dynamometer bent)
5 Fri., July 22, 1977| Calibration in water Examination in air
i 6 Mon., July 25 Test series 9, series D] Calibration in water
' 7 26 8, dewater | Series 1, Series 2
: 8 27 4, series 5| series 3, watering, series 4
i 9 28 6, dewater | series 5, series 6, series 7
10 Fri., July 29 1, series 2| watering, series 8
: 11 Mon., Aug. 1 Test series 3, watering | Series 9, series 10, series 11
12 e B 2 Series 12, dewatering, series 13
13 3 1R Dewatering, series 14
14 4 Calibration in water Calibration in water
15 Fri., Aug. 5 Clean up clean up

Table 2 - TEST COMBINATIONS (series number)

Wt. Depth
F. Angle 4 feet

6 feet | 8 feet
0° 1 6 9,11
45° 2 5 10
90° 3 8,7 | 8
-45° 14 13 12
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Table 3 - VALUES OF CLEAN MAXIMUM WAVE HEIGHTS (feet)

Wave
Period
g:;:h oSec 4sec 653c
4 ft 1.7 2.1 2.1
6 ft 2.0 3.0 2.8
8 ft 1.9 4.0 3.3
36
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Table 4 - Conversion Factors of Force Dynamometers
a. Area b. Conversion factor c. Calibration Pulse
(ue ft/1b) (1b/ue) (1bs)
1 22.7 .410 --
e 3. . a 441 A
Vertical 4 22.0 .426 34.4
Mgt 1 19.5 .478 --
19.2 .486 39.2
East 1 21.1 .442 --
Vertical 2 18.6 .503 --
3 19.9 .473 38.2
East 1 20,7 .46? --
Horizontal 2 20.3 -461 D
20.5 .461 37.2
a. = Area below the influence curve
b. = 1/a = conversion of reading in ue to total force in 1bs.
c. = Equivalent total force in 1bs. of calibration pulse of 80.7 yuc
1. = before tests
2. = after tests
3. = average of 1 and 2
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FIG. 2 - The 0OSU Wave Research Facility
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FIG. 4 - Test Split Pipe and False Floor

TEST SETUP FOR WAVE TANK TESTS *‘f'{

ON SPLIT PIPE bt
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1 \\_\ 1 t i %1:-1
\ WAVE TANK

\ ]

FORCE DYNAMOMETER FALSE BOTTOM |
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FIG. 5 - Test Setup for Wave Tank Tests on Split Pipe
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FIG. 6 - Force Dynamometer

FIG. 7 - Underwater Operation of Changing of Flange Angle
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FIG. 8 - The Test Wave With T = 6 sec., H = 3.3 ft., h = 8 ft.
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FIG. 9 - The Test Wave With T = 2 sec., H = 1.9 ft., h = 8 ft.
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FIG. 10 - The Sample Plots of the West Force Dynamometer
Output vs. Weight
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FIG. 11 - The Sample Plots of the East Force Dynamometer
Output vs. Weight
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